Layer I, also called the plexiform layer because of the richness in fibers and the paucity of cells, was initially described in the human fetal cerebrum (Magini, 1888) . The imposing, large neurons, with characteristic dendritic arbor, that bear the name of Cajal and Retzius (C-R cells) were illustrated in exquisite detail soon after the advent of the Golgi method (Martinotti, 1890; Ramon y Cajal, 1891; Retzius, 1893) . Although these cells have continued to fascinate investigators, a recent discovery that they produce reelin, a glycoprotein essential for orderly neuronal cell migration and ingrowth of afferents into the cerebral cortex, has augmented this attention (D'Arcangelo et al., 1995 (D'Arcangelo et al., , 1997 Ogawa et al., 1995; Del Rio et al., 1997; Nakajima et al., 1997; Curran and D'Arcangelo, 1998) . It was also suggested that C-R cells may be involved in developmental disorders of the cerebral cortex in humans (Rakic and Caviness, 1995; Clark et al., 1997; Impagnatiello et al., 1998; Hong et al., 2000) .
The size and pattern of dendritic and axonal arborization of layer I neurons are more elaborate in primates. In addition, the subpial granular layer (SGL), present transiently beneath the pia in the human fetal telencephalon, is absent or minimal in other mammals (Brun, 1965; Kostovic et al., 1985; Gadisseux et al., 1992; Meyer and Gonzalez-Hernandez, 1993; Zecevic and Milosevic, 1997; . Finally, the biochemical makeup of C-R cells in humans is different from that in rodents (Meyer and Goffinet, 1998; Zecevic et al., 1999) . A number of studies have raised the issue of the uniformity of C-R cell populations with respect to their antigen content that are expressed either permanently or transiently and in various combinations by these neurons (Huntley and Jones, 1990; Verney and Derer, 1995; Lavdas et al., 1999; Meyer et al., , 2000 Zecevic et al., 1999) . Do all C-R cells in primates belong to a single class, or instead should they be classified into different subtypes on the basis of their antigen content, survival rate, or function? Would each subtype of layer I neurons have a different time of birth and/or different origin and function? How large are speciesspecific differences, and how are they related to the development and evolution of the neocortex?
The present study was undertaken to analyze the development and organization of cortical layer I in macaque monkey using [ 3 H]thymidine autoradiography, electron microscopy, immunohistochemistry, and in situ hybridization methods that cannot be used effectively in the postmortem human brain.
MATERIALS AND METHODS
Autoradiography. The protocols for obtaining timed pregnancies and administration of [ 3 H]thymidine ([ 3 H]TdR) have been described previously in f ull detail (Rakic, 1973) . In short, 17 pregnant monkeys (Macaca mulatta) ranging in gestational age from embryonic day 36 (E36) to E110 (see Table 1 ) were injected intravenously with [ 3 H]methyl thymidine (10 mC i / kg; 40 -60 C i /mmol; New England Nuclear). The fetuses were born and survived for up to 4 months after birth. An additional eight pregnant monkeys were injected in selected gestational ages (E45, E58, E69, E86, E90, E110, E120, and E140), and the fetuses were killed 1 hr after isotope injection to determine the location of dividing cells that are in the S phases of the mitotic cycle.
Postnatal animals were initially anesthetized with ketamine (0.1 ml / kg) supplemented immediately before perf usion with sodium pentobarbital (40 mg / kg). All animals were perf used intravenously with buffered mixed aldehydes (Rakic, 1972) . After perf usion, the cerebral hemispheres were dissected and embedded in polyester wax. Sections cut at 8 m thickness were mounted on microscope slides and dipped in Kodak N TB emulsion. After being stored in darkness at 4C o for 4 -10 weeks, the slides were developed and stained with toluidine blue.
The presence of heavily radiolabeled cells in layer I was examined in six cortical areas (motor, sensory, visual, limbic, prefrontal, and insular) in a series of 10 sections, covering a 50,000 m length of layer I per cortical region per animal. Only the heavily labeled neurons (that is, those with no Ͻ50% of grains encountered in the most intensively labeled nucleus in a given section) were considered to be divided at the time of [ 3 H]TdR injection (Rakic, 1973) . A total length of 300,000 m of layer I per animal has been examined to record the number of heavily labeled cells that were classified as either C -R or small neurons on the basis of their size and morphology. In addition, the total number of neurons has been counted in all cortical areas examined in this study on toluidine-stained sections processed previously for autoradiography. The total number of layer I neurons was calculated as the mean value in each cortical area from five 2-to 3-month-old animals, and the number of labeled C -R and small neurons was expressed as a percentage of the total cell counts in layer I at the particular cortical region.
Light and electron microscopy. The tissue blocks from the somatosensory, visual, motor, and prefrontal areas were dissected from 27 macaque monkeys ranging in age from E41 to 20 years. Because a distinction between the somatosensory and motor areas could not be made before E80, in younger stages we examined blocks taken from the lateral cerebral wall. C ell density in layer I and the distribution of C -R cells in different cortical areas at each time point were determined by the light microscope using l m toluidine blue-stained sections or 8 m cresyl violet-stained paraffin sections.
The mean number of neurons in layer I cells per unit of cortical volume was calculated in each area from the plots made with the aid of a drawing tube attached to a Z eiss research microscope, at a magnification of 350ϫ and 1000ϫ. The number of C -R cells was determined at E89, E144, birth (E165), and 7 months of age [postnatal day 222 (P222)]. Three plots per cortical area were made for each case. Counts of C -R cells per surface area of 1.5-m-thick sections were corrected using the Abercombie formula (Abercombie, 1946) . The mean circular diameter of the C -R cells was calculated with the imaging system for each age group and area separately, at a magnification of 2040ϫ. In adult animals, C -R cells became sparse, and the distinction between them and other neurons found in layer I was not always possible at the light microscopic level.
Electron microscopic analysis was performed to determine ultrastructural characteristics and changes in the differentiation of cells and their processes in layer I. All monkeys, embryonic as well as adults, were perf used through the circulatory system with mixed gluteraldehyde and /or paraformaldehyde fixative and processed for electron microscopic analysis (Rakic, 1972) . Some of these cases were also used as parts of other studies (Rakic, 1972 (Rakic, , 1973 Z ecevic and Rakic, 1991) .
Immunohistochemistr y. The immunohistochemical study was based on cortical tissue obtained from five macaque monkey embryos at E40, E65, E80, E81, and E90 and two adult monkeys 4 and 5 years old. The embryos were delivered by C esarean section; cerebral tissue was dissected from the cerebral wall and immersed in isopentane cooled in liquid nitrogen to Ϫ70°C. Adult monkeys were perf used through the circulatory system with 4% paraformaldehyde. Brain tissue was dissected and stored in the same fixative for 24 hr at 4°C, before freezing the tissue blocks as described above. Fourteen micrometer sections were cut at Ϫ20°C. They were subsequently washed three times for 5 min each in PBS. A blocking agent, made of 1% bovine serum albumin (BSA) and 5% normal goat serum (NGS) in PBS, was applied for 30 min. Different primary antibodies were used: anti-calbindin D28k (Sigma, St. L ouis, MO), antiparvalbumin (Sigma), anti-calretinin (SWant), SM I-31 (the phosphorylated form of neurofilament protein; Sternberger Monoclonals, Inc.), anti-proliferating cell nuclear antigen (PC NA; Dako, C arpinteria, CA), and anti-reelin (CR-50, gift of Dr. Ogawa, and antibody 142, gift of Dr. Goffinet). Primary antibodies remained overnight at 4°C. The next day, sections were washed three times in PBS. Biotinylated secondary antibodies were used in a 1:100 dilution for 1 hr. Further reaction was done with an ABC Vector kit according to the manufacturer's instructions (Vector Laboratories, Burlingame, CA). In case of double labeling, we used a cocktail of primary antibodies followed by a cocktail of flurescineor rhodamine-conjugated secondary antibodies in a 1:200 dilution. Controls were treated in the same way with omission of the primary antibody, which resulted in the absence of the immunostaining. Cross-reactivity of secondary antibodies was also tested. In situ hybridization. In situ hybridization was performed according to the method of Donoghue and Rakic (1999a) . Briefly, slides containing freshly cut embryonic monkey brains were incubated in the following series of solutions at room temperature (RT): (1) 4% paraformaldehyde, pH 7, for 10 min, (2) PBS for 10 min, (3) 0.75% glycine in PBS twice for 3 min each, (4) PBS for 5 min, (5) 0.1 M triethanolamine (TEA) buffer for 5 min, (6) 0.1 M TEA containing 500 l of acetic anhydride for 10 min, (7) 0.1 M TEA for 5 min, (8) 50, 70, 95, and 100% ethanol for 2 min each, (9) chloroform for 5 min, and (10) 100% ethanol twice for 2 min each. Dlx-1 probe was diluted in hybridization solution and denatured at 100°C for 2 min. Hybridization solution, containing probe (3 ϫ 10 6 in a volume of 120 l), was then spread over each section, and a coverslip was placed over this solution and sealed. Slides were then incubated in a humidified chamber at 65°C for at least 16 hr. After hybridization, slides were incubated in the following series of solutions: (1) 2ϫ SSC for 15 min at RT, (2) 0.5ϫ SSC for 5 min at RT, (3) 0.1ϫ SSC for 20 min at 65°C, (4) 1ϫ RNase buffer for 5 min at 37°C, (5) 20 g /ml RNase A in 1ϫ RNase buffer for 30 min at 37°C, (6) 1ϫ RNase buffer for 30 min at 37°C, (7) 2ϫ SSC for 30 min at RT, (8) 0.1ϫ SSC twice for 10 min at 65°C, (9) 0.1ϫ SSC for 30 min at RT, and (10) 50, 70, 95, and 100% ethanol for 2 min each at RT. After exposure to film, the slides were dipped in N TB2 nuclear track emulsion (Kodak), exposed for ϳ1 month at 4°C, developed, lightly counterstained with hematoxylin and bis-benzamide, coverslipped in glycerol, and photographed with either dark-field, fluorescent, or brightfield optics. Some sections were processed for immunoreaction after the completion of in situ hybridization (see Fig. 11 ).
RESULTS

Time of neuron origin
Heavily labeled neurons, representing cells that have entered their last cell division at the time of [ 3 H]TdR injections, were found in layer I of all postnatal animals injected between E38 and E94 (Figs. 1, 2; Table 1 ). If the injection was made after this embryonic period, no heavily labeled cells with neuronal characteristics could be detected in layer I of adult animals although the production of glial cells continues well into the postnatal ages as in the other cortical layers (Rakic, 1985) . Thus, neurons compos- (Table 1) . Two peaks of neuronal proliferation were observed, between E43 and E45 and between E54 and E70 ( Fig. 2) . Two types of neurons can be readily distinguished on toluidine-stained autoradiograms: large neurons representing C-R cells (cross-soma diameter of 13-20 m) and smaller neurons (cross-soma diameter of 9 -11 m) (Fig. 1) . Although cells cut tangentially were difficult to classify into either group, it was clear that the large C-R cells were generated first. These cells are generated during a period of almost 1 month, between E38 and E70, with the peak of neurogenesis across all areas between E43 and E50 (Fig. 2 ). Large cells generated as early as E38 could be observed in postnatal animals either immediately below the pial membrane or deeper in layer I (Fig. 1) . The labeled cells appeared first in the insular cortex (at E38) and at the latest in the prefrontal cortex (at E43). In some cortical regions, all C-R cells were born within a distinct short time span: for the prefrontal cortex between E43 and E50 and for the visual cortex between E40 and E50 (Fig. 2) . In contrast, the genesis of small neurons of layer I starts later, at approximately E43, but persists until E94.
Place of neuron origin
To determine whether later-generated C-R cells originate locally, we examined autoradiograms in the group of animals exposed to [
3 H]TdR between E45 and E140 and killed 1 hr after injection of the isotope (Fig. 3 ). During this developmental period of ϳ3 months (E45-E140), we only found an occasional radiolabeled cell in layer I. Some of these locally generated cells are likely to be glia, especially at the later gestational ages (Fig. 3) . The reliability of our method was confirmed by the presence of numerous radiolabeled epithelial cells in layer I that were associated with growing capillaries. The largest number of [ 3 H]TdRlabeled cells in the SGL was observed in the E69 specimen in which three labeled cells were encountered in 20 autoradiograms that were examined (Fig. 3) . Only five mitotic figures were observed in the SGL at either light or electron microscopic levels in the entire study. A low level of local neuron production is confirmed by immunoreaction to PCNA, a cyclin activated during mitosis. Positive reaction in the SGL was extremely rare, whereas many PCNA-immunoreactive cells were observed in the proliferative zones such as the ventricular and subventricular zones of the same specimens, confirming that immunolabeling works with this antibody (data not shown).
The paucity of radiolabeling in the SGL was surprising considering its large size in primates. This layer in the monkey becomes visible at approximately E58 as a one-cell-thick cellular band situated subjacent to the pial surface. However, it gradually grows in thickness until the fetal age of E75-E90, when it reaches a massive proportion (Fig. 4) . It then begins to decline rapidly and becomes extinct at approximately E140. During its existence, the SGL shows areal differences in size and cell distribution. For example, at E86 in prospective area 17 of the occipital pole, it forms a single band of cells situated below the pial membrane (Fig. 4) . In contrast, in area 18 of the same specimen, the SGL displays two distinct bands, one remaining below the pia and another displaced toward the middle of layer I (Fig. 4) , suggesting initiation of a wave of inwardly migrating cells, which may have been already more advanced in the prospective area 17.
The fact that only five mitotic figures were observed in the SGL in the entire study indicates that the majority of cells in the SGL and layer I in general are imported from outside sources such as postmitotic neurons. We could not determine whether any of the locally divided cells would become neurons, but even if they do, their number produced within the SGL itself would be too small to account for all of the layer I neurons that are labeled in postnatal animals injected with [ 3 H]TdR at later stages of corticogenesis. Thus, the massive SGL in primates serves mainly as a conduit of nondividing, postmitotic neurons, originating elsewhere and subsequently dispersed throughout layer I as well as to the subjacent cortical plate.
We used some of the cell class-specific markers to determine the origin of the late-generated reelin(ϩ) cells. The polyclonal antibody to the gene product Dlx-1, which specifically stains cells derived from the ganglionic eminence (GE) in early development (Anderson et al., 1997) , did not label C-R cells in the monkey neocortex between E65 and E81. However, this is likely to be an artifact because in situ hybridization performed with a probe for the Dlx-1 gene at E65 showed that some cells in layer I have a positive signal. Occasionally this expression of Dlx-1 mRNA would coincide with reelin(ϩ) cells (see Fig. 11 ), indicating that some of them were probably derived from the GE. However, in most sections, the grains were distributed more diffusely over the entire surface of layer I, indicating that this gene product may be preferentially expressed in the cytoplasm of dendritic and axonal arborizations. This finding indicates that in monkey, at least some cells in layer I may derive from the GE.
Examination of the autoradiographs in animals injected with [ 3 H]thymidine between E65 and E75 and killed 1 hr and 3 and 7 d later indicates that a major source of SGL in monkey may be the olfactory primordium (Fig. 5) . For example, in the animal injected at E69 and killed 1 hr later, one can observe a distinct cohort of [
3 H]TdR-labeled cells in the marginal zone of the prospective olfactory cortex (Fig. 5A,B) . However, in the animals injected at approximately the same embryonic stage and killed 3 or 7 d later, radiolabeled cells spread to the marginal zone of the neocortex (Fig. 5C,D) consistent with the hypothesis of their origin in the olfactory primordium and a migration within the prospective layer I without substantial proliferation.
Cytology of layer I
In the youngest specimen examined in the present study (E38), horizontally oriented cells were found in the formative marginal zone of the cerebral vesicle (Fig. 6) . The immature appearance of these cells in Nissl-stained sections did not allow secure prediction of their respective fates. The same was true even in a slightly older embryo when horizontal cells become more numerous and the cortical plate begins to form ventrolaterally in the developing cerebral vesicles (E38 -E41). However, after E41, we began to recognize three types of cells in the marginal zone: large cells with a light nucleus, smaller cells with a light nucleus, and cells with a dark, lobulated nucleus (Fig. 6 ). Large cells had prominent cytoplasm filled with free ribosomes, rows of endoplasmic reticulum, and a large nucleus (diameter of 10 -13 m), elliptic or irregular in shape, with homogeneously distributed chromatin (Fig. 6) . In instances in which the nucleus assumes an elliptic shape because of the plane of section, the longer axis was usually oriented parallel to the pia. These cells are often deployed in Figure 8 . A, Tangential cut through layer I at E53 is shown. C-R cell processes are oriented parallel to the pia and at right angles to each other. B, At E81, cell processes in layer I, some of which belong to C-R cells, exhibit an orderly mesh-like pattern. C, In the same E81 monkey, two C-R cell processes run parallel to each other and to the pial membrane for a considerable distance without forming specialized contacts. Scale bars: A, B, 5 m; C, 2 m.
groups of two or three in close contact, but without indication of synaptic junctions (Figs. 7, 8) . A growth cone-like structure filled with "empty" vesicles could be seen to emanate from the cell body. Usually a prominent process emerges from the cell body and runs parallel to the pia (Figs. 7, 8 ). On the basis of these morphological and ultrastructural characteristics, we classified these neurons as C-R cells. The second population of cells with a soma diameter of 6 -11 m and a thin rim of cytoplasm was classified as small neurons (Figs. 6 F,G, 7) . The round or oval nucleus, with an evenly distributed chromatin, helps to distinguish them from glial cells, which are characterized by a lobulated, dark nucleus (Fig. 6 F) . The initial, homogeneously distributed nuclear chromatin that can be observed up to E70 starts to form clumps that made classification of these cells as glial more reliable (Fig. 7) .
In the second half of gestation, C-R neurons acquire light and electron microscopic characteristics and axonal and dendritic arborization that become the landmarks for these cells. The cell body became larger (up to a diameter of 26.5 m) with a nucleus (16.5 m) situated usually in an eccentric position with indentations on one side and one or two nucleoli. The cytoplasm became more abundant with prominent rows of cisterns of the granular endoplasmic reticulum and multivesicular bodies organized as submembranous cisterns. Often large, dense granules varying in size from 0.06 to 0.2 m were observed, but typical C-R cells without dense core vesicles could also be encountered (Fig. 7) . Large inclusions (diameter of 2.5 m) filled with dark material were often observed in the cell body, indicating programmed cell death (Fig. 7B) . As development progresses, the initially dense ribosomes become diluted, making C-R neurons stain lighter in comparison with the other cells of layer I.
Usually one large (4 -7 m) and two to three thin (0.2-0.5 m) processes emanate from the neuronal cell bodies situated within layer I early stages. These processes, originating from neighboring cells, tend to be oriented perpendicular to each other (Figs. 7, 8) . Sections cut tangentially to the pial surface were optimal for exposing the distribution of C-R cells and the orientation of their processes in the marginal zone. In such sections, particularly at later embryonic stages, many C-R cell processes running parallel to the pia displayed a remarkably precise perpendicular latticetype network (Fig. 8 B) . Occasionally, neurites were directed downward, perpendicular to the pial surface, making this arrangement three-dimensional. Often external membranes of adjacent C-R cells and their processes were touching each other for a considerable length without forming ultrastructurally recognizable membrane specializations (Fig. 8C) . Axons, characterized by a uniform diameter and well expressed microtubules, ran parallel to the pial surface for a considerable distance, before running out of the plane of the section (Fig. 7D) .
Cells with the light and electron microscopic characteristics attributed to the C-R cells were also encountered in postnatal animals (Fig. 9) . These cells are usually located either under the pial surface or deeper in layer I (Figs. 9, 10 ). In adult monkeys older than 4 years, C-R cells become sparse but nevertheless present in all specimens examined (Fig. 9C,D) . They could be distinguished from the other cells of layer I by their size and more abundant rough endoplasmic reticulum (Fig. 9C) . Their somas become almost completely wrapped by glial lamellas, except at the sites of synaptic junctions. At even older ages (10 -20 years), C-R cells showed signs of deterioration of the fine cytoplasmic structures and an accumulation of lipofuscin granules, with chromatin distributed in clumps (Fig. 9D,E) . However, large subpially located cells could be observed even in a 20-year-old monkey (Fig. 9F ) .
Biochemical characterization
The combination of timing and distribution of expression of various antigens, known to be present in the layer I cells, displays distinct species-specific differences. Thus, reelin-immunoreactive cells in the macaque monkey could be observed in layer I at all fetal stages studied, from E40 to E90 (Fig. 11) . The reaction product is usually localized in the cytoplasm, leaving the nucleus reaction free. Neuropil in the marginal zone, and later in layer I, showed a diffused reaction to reelin (Fig. 11) . The reelinpositive(ϩ) cells were also always calretinin immunoreactive, whereas only a portion of reelin(ϩ) cells expressed calbindin (Fig.  11) . The reelin(ϩ) cells, at fetal stages studied, did not show immunoreactivity to GABA, although other cortical cells such as those situated in the SGL or the intermediate zone and/or subventricular zone and occasional cortical plate cells were GABAergic (Fig. 11) . Because most of the [ 3 H]TdR material was prepared before reelin antibodies were available, we could not combine it with immunocytochemistry. On the basis of the available information, it is reasonable to conclude that reelin(ϩ) large cells in the monkey fetus are equivalent to the C-R cells of other species including humans.
In the adult monkey, cells labeled with reelin were regularly observed in layer I, close to the pia (Fig. 10 A) . The majority of these cells were smaller in size (8 -10 m) than were prenatal C-R cells, but some retain subpial localization and a larger size (20 m). Occasionally reelin was colocalized in the same neurons with GABA-immunoreactive cells (Fig. 10 B) , but single-labeled cells, either reelin or GABA positive, were also observed. A different population of small neurons in the middle of layer I was labeled with calretinin and calbindin (Fig. 10) . We did not observe colocalization of either calretinin or calbindin in the same reelin-containing cells in the adult monkey.
Quantitative data
The density of C-R cells per unit volume of layer I was measured between E89 to P222 in the motor, sensory, visual, and prefrontal areas (Fig. 12) . The peak in the number of C-R cells per unit volume of layer I is reached by midgestation (E89) and then steadily decreases in all regions examined. In the next 2.5 months, from E89 to E165 (birth), the density of C-R cells declined to less than one-half of the peak value. The number continued to decline, and at the seventh postnatal month there were only 4 -7 cells per mm 3 of layer I, which is 70 -80% less than that at midgestation (E89; p Ͻ 0.01). All cortical areas examined exhibited a similar decline of C-R cell density. The density of C-R cells in all ages was the highest in the motor and sensory cortices relative to that in the visual and prefrontal areas (Fig. 12) .
Because the total volume of layer I in monkeys of different prenatal ages is unknown, we could not determine their absolute number at any given time. Although the density of C -R cells was apparently diminished, it is not possible to determine to what extent it may be caused by apoptosis and by "dilution effect" related to the increase in the volume of layer I. For example, the ratio between the small neurons of layer I and C -R cells at different age points in the sensory and motor cortices was always in favor of small neurons. However, in early embryonic life, this ratio was less (2:1) than in the first postnatal year (3:1) or in older animals (7:1). The total number of neurons in layer I declined from 30 -40 at 2 postnatal months to 25 cells per 1000 m of layer I at 1 year and even f urther to 15-20 in a 17-year-old animal (Table 2 ). This indicates that the population of C -R cells is diminished by a combination of factors that include programmed cell death, antigen changes, and finally the process of dilution. 
DISCUSSION
Cytology and origin
The present results, in agreement with the studies in humans (Meyer et al., , 2000 Zecevic et al., 1999) , demonstrate the presence of a larger number and a greater variety of layer I neurons in the primate cerebral cortex than in subprimate species. Furthermore, our study confirms that reelin alone cannot be taken as a cell class-specific marker for the C-R cells without taking into consideration their size, morphology, and position. For example, large cells that morphologically resemble C-R cells are GABA(Ϫ) in fetal monkey, whereas a subpopulation of reelin(ϩ) cells in adult rodents are GABA(ϩ) interneurons (Schiffmann et al., 1997; Alcantara et al., 1998; Pesold et al., 1998) . In agreement with previous reports in human (Verney and Derer, 1995; Meyer and Goffinet, 1998; Spreafico et al., 1999; Zecevic et al., 1999) and monkey (Huntley and Jones, 1990) , all reelin(ϩ) C-R cells can be labeled with calretinin. In contrast, a smaller subpopulation of reelin(ϩ) C-R cells was also calbindin(ϩ).
Our [ 3 H]TdR autoradiographic analysis also revealed a considerable difference in the timing of genesis of layer I neurons compared with that of the nonprimate species. Although the early emergence of C-R cells in monkey is in harmony with findings in the cat (Marin-Padilla, 1971) , rat (Konig et al., 1977; Edmunds and Parnavelas, 1982) and mouse (Shoukimas and Hinds, 1978; Derer, 1985) , the continuous addition of small neurons to layer I during the entire period of corticogenesis observed in the monkey stands in contrast to the short period of early genesis reported in all nonprimate species examined. Although it was suggested that the small number of layer I neurons in humans may originate from the SGL as well as from other sources, an experimental proof in primates has been lacking.
A traditional view was that C-R cells originate from the periventricular zones and enter the embryonic MZ via radial migration before the formation of the cortical plate (for review, see Rakic, 1973, 1982; see, however, Schaffer, 1918; Valverde et al., 1995; . Recently, it has also been suggested that the "pioneer," calretinin(ϩ) and calbindin(ϩ), reelin(Ϫ) neurons come to the MZ from the ventricular zone and that the classical C-R cells arrive at layer I later via the SGL . However, our [ 3 H]TdR autoradiographic data revealed that in monkey the SGL appears only after the large C-R cells have been generated, and thus the SGL in primates contributes mostly to the later-generated layer I neurons.
Application of [ 3 H]TdR autoradiography and cell class-specific markers revealed that layer I cells in primates originate from a variety of sources including the olfactory primordium and GE. Somewhat reminiscent of the formation of the transient external granular layer, which supplies the granule cells to the developing cerebellar cortex by inward migration across the molecular layer (Ramon y Cajal, 1911; Rakic, 1971) , the SGL may supply GABAergic neurons to the underlying cortical plate. The putative signals that prevent entrance of the glial-guided, radially migrating cells from the periventricular zones into the territory of layer I may not be recognized by the cells originating from other sources (Rakic, 1995; Anton et al., 1996) . Indeed, it was shown in rodents that a subclass of cortical neurons originating in either the medial or lateral GE migrate tangentially and enter the cerebral cortex, including layer I (De Carlos et al., 1996; Anderson et al., 1997 Anderson et al., , 1999 Lavdas et al., 1999; Parnavelas, 2000; Wilson and Rubenstein, 2000) . Transcription factors Dlx-1 and Dlx-2 are required for this migration, because in Dlx-1 and Dlx-2 mutant mice the number of GABA(ϩ) neurons in layer I was reduced. Application of in situ hybridization in the present study revealed a Dlx-1 mRNA signal in some reelin-immunoreactive cells, suggesting that a subpopulation of layer I cells in macaque monkey might also originate from the lateral GE. Dual origin of layer I neurons has been suggested in mice in which a larger contingent of C-R cells express the Lhx6 gene, a specific marker for the medial GE cells (Lavdas et al., 1999) . In agreement with studies in rodents, the Dlx-1(ϩ) cells may come from the GE, whereas Dlx-1(Ϫ) GABAergic neurons observed in the primate layer I probably come from the olfactory primordium.
A major difference between layers I in the primate and rodent cortex is the voluminous SGL that is either absent or much smaller in rodents. The distribution of [ 3 H]TdR-labeled neurons in a series of embryonic monkeys killed at short intervals indicates that most of these cells come from the olfactory placode as suggested on the basis of histological examination of human embryos (Meyer and Wahle, 1999) . Furthermore, a small number of radiolabeled cells in the SGL, 1 hr after exposure to [ 3 H]TdR, as well as the paucity of mitotic figures and PCNA-immunoreactive cells, indicates that most of the small neurons are not produced locally, within layer I. Thus, as suggested previously, these cells probably originate from outside structures, such as the olfactory primordium and GE, and migrate under the pia, covering the entire cerebral surface (Brun, 1965; Gadisseux et al., 1992; Meyer and Goffinet, 1998; Meyer and Wahle, 1999) .
The concept that layer I and subplate neurons are remnants of the early generated preplate cells bisected by the later-generated cells of the cortical plate (Marin-Padilla, 1971 ; for review, see Aboitiz, 1999) needs modification because of the findings in both human and nonhuman primates. The present [
3 H]TdR analysis reveals that the majority of layer I neurons are generated long after the split of the preplate (Kostovic and Rakic, 1980) . Thus, layer I, like the subplate zone, becomes enlarged and more complex during primate evolution (Kostovic and Rakic, 1990) .
Function and fate
What is the destiny of the transient SGL and the function of embryonic layer I neurons? Some of the SGL cells may partially transform into the small layer I neurons, but the large size of the SGL and the pattern of its dispersion in monkeys indicate that it may also contribute GABAergic neurons to the subjacent cortical plate. Recent studies in rodents indicate that some of the equivalent cells may descend to the cortical plate and differentiate into the GABAergic interneurons (Wichterle et al., 1999; Parnavelas, 2000). The areal difference in organization of the SGL between striate and extrastriate cortex (Fig. 4 ) is in agreement with the reports of cortical regionalization before its innervation (Rakic, 1988; Donoghue and Rakic, 1999b; Sestan et al., 2001 ; for review, see Rubenstein and Rakic, 1999) and with the previous suggestion of this migration, based on the histology of SGL in the human fetus (Kostovic et al., 1985) . The hypothesis that early generated C-R cells coordinate layering and connectivity in the cortical plate during development (Rakic and Caviness, 1995; Marin-Padilla, 1998; Soria and Fairén, 2000; Hevner et al., 2001 ) is supported by the finding that these cells produce reelin, a glycoprotein missing in reeler mice that show defective settling of cortical neurons and timely maturation of neurons (D'Arcangelo et al., 1995 (D'Arcangelo et al., , 1997 Ogawa et al., 1995; Del Rio et al., 1997; Goffinet, 1997; Nakajima et al., 1997) . The remarkable perpendicular orientation of the C-R cell processes in the plane parallel to the pial surface that is described in the present study may be related to cortical patterning and specification and a more precise geometrical pattern of the laminar and columnar organization in the primate cortex (Rakic, 1995; Mountcastle, 1997) . A suggestion that C-R cells might coordinate positional information essential for the early areal and columnar specification of the underlying cortex (Schmidt et al., 1996; Schwartz et al., 1998; Gulaske and Singer, 1999; Soria and Fairén, 2000; Hevner et al., 2001) received support from the recent finding that deletion of the Trb-1 gene, which is expressed in C-R cells, perturbs formation of the thalamocortical connections (Hevner et al., 2001) .
A common assumption is that only a subset of the C-R cells survives into adulthood (Sidman and Rakic, 1982; Marin-Padilla, 1998; Meyer and Goffinet, 1998) and that many of them change their morphology (Poliakov, 1961; Konig and Marty, 1981; Parnavelas and Edmunds, 1983) . The dilution, caused by the growth of the neocortex, may also play a role in the diminishing density of C-R cells in layer I, particularly in humans, in which the thickness of layer I quadruples and the surface expands 200-fold during postnatal development (Blinkov and Glezer, 1968) . However, the "dilution" effect can only partly explain the decrease in C-R cell number after puberty when the volume of layer I becomes constant (Bourgeois and Rakic, 1993) . Furthermore, the density of all classes of layer I neurons should decline equally if dilution plays a major role in their numerical reduction. This was not the case, because we observed a differential, highly selective elimination of a subpopulation of C-R cells. The identification of several subpopulations of layer I cells with selective persistence in primates may help in elucidating their possible role in congenital malformations of the human cerebral cortex such as lissencephaly (Clark et al., 1997; Hong et al., 2000) .
